A novel optoacoustic phantom made of polyvinyl chloride-plastisol (PVCP) for optoacoustic studies is described. The optical and acoustic properties of PVCP were measured. Titanium dioxide (TiO 2 ) powder and black plastic colour (BPC) were used to introduce scattering and absorption, respectively, in the phantoms. The optical absorption coefficient (µ a ) at 1064 nm was determined using an optoacoustic method, while diffuse reflectance measurements were used to obtain the optical reduced scattering coefficient (µ s ). These optical properties were calculated to be µ a = (12.818 ± 0.001)A BPC cm −1 and µ s = (2.6 ± 0.2)S TiO 2 + (1.4 ± 0.1) cm −1 , where A BPC is the BPC per cent volume concentration, and S TiO 2 is the TiO 2 volume concentration (mg mL −1 ). The speed of sound in PVCP was measured to be (1.40 ± 0.02) × 10 3 m s −1 using the pulse echo transmit receive method, with an acoustic attenuation of (0.56 ± 1.01)f
Introduction
A number of phantoms have been developed to mimic tissue optical and/or acoustic properties in biomedical optics applications (Bini et al 1984 , van Staveren et al 1991 , Surowiec et al 1992 , Royston et al 1996 , Iizuka et al 1999 , Kharine et al 2003 . Phantom studies allow for systematic testing and optimization of new methodologies in a controlled way, before testing on animals and humans. Intralipid (Xu et al 2003) , polyacrylamide gels (Tanaka 1981) , albumin (Iizuka et al 1999) and agar (de Korte et al 1997) are examples of materials currently used to develop tissue-equivalent phantoms in biomedical research. Optical properties of these materials can be characterized using numerous techniques, including diffuse reflection, diffuse or collimated transmission and optoacoustic spectroscopy (Cheong et al 1990, Welch and van Gemert 1995) . Other characterization methods involve spatially-resolved diffuse reflectance obtained by measuring reflected light intensity as a function of distance from the source location (Madsen et al 1992 , Farrell et al 1992a . Optical property measurements continue to be an important part of biophotonic research for dosimetry and imaging.
Polyacrylamide gels, agar and albumin phantoms absorb water and therefore are not well suited for experiments that require water contact. Agar and albumin phantoms are also fragile and rapidly degrade over time due to fungal growth and thus have a limited shelf life. These drawbacks may particularly be important when using acoustic detection, where the transducer is often coupled to the imaged object by submerging both in water. Hence a phantom that is insoluble in water with a long life span would be beneficial.
This study investigates polyvinyl chloride-plastisol that is synthesized from vinyl chloride monomers and is insoluble in water. It is an oil-based liquid that becomes solid when heated to 200
• C and allowed to cool. Initial studies with PVCP have been investigated by Henrichs et al (2004) , but a rigorous characterization of the material's absorption and reduced scattering coefficients were not pursued. In order to demonstrate the utility of PVCP phantoms in optoacoustic studies, its optical and acoustic properties need to be characterized.
In this note, the procedure for constructing PVCP phantoms is described. Furthermore, the optical and acoustic properties of PVCP are characterized and the methods used for their measurements are presented.
Method and materials

Phantom materials
PVCP (M-F Manufacturing Co., Fort Worth, TX, USA) is a non-toxic plastic commonly used for making fishing lures. It does not absorb light at 1064 nm, a common wavelength of interest in biomedical optoacoustics (Spirou et al 2004) . It is a white opaque solution of monomers that polymerizes and becomes translucent (at visible wavelengths) when heated to high temperatures. Black plastic colour (BPC) (M-F Manufacturing Co., Fort Worth, TX, USA), composed of CI Pigment Black 7, can be used as the absorption material and titanium dioxide (TiO 2 ) powder (Sigma-Aldrich, St. Louis, MO, USA) as the scattering material to generate user-specified optical phantom properties.
To prepare a phantom, liquid BPC is added to PVCP liquid stock solution. The per cent concentration of BPC is chosen to yield the desired optical absorption coefficient. This solution is heated to ∼200
• C stirring continuously with a magnetic stirrer. As it is heated, the opaque greyish PVCP solution becomes more viscous and translucent at low concentrations of BPC or black at high concentrations. Once the solution has reached this stage, TiO 2 powder is added. It must then be stirred continuously and heated until the powder is distributed homogeneously in the entire solution. Keeping a consistent preparation heating time for all the phantoms is necessary to avoid variations in the resultant optical properties of the phantoms. Upon cooling, the PVCP solution solidifies and can easily be removed from glass containers and cut into any desired shape. PVCP phantoms should be stored away from other plastic materials (such as 
Optical absorption and reduced scattering coefficients
Optical propagation in a turbid medium depends in part on the absorption coefficient (µ a ) and the reduced scattering coefficient (µ s ). The reduced scattering coefficient is related to the scattering coefficient, µ s , and the anisotropy factor g (which describes the directional probability of scattering) by
A maximum value of g = 1 describes total forward scattering while a value of g = 0 is symmetric scattering about the 4π solid angle. The minimum value of the anisotropy factor g = -1 indicates total backward scattering (Welch and van Gemert 1995) . Here, we determine the optical properties, µ a and µ s , of PVCP phantoms using an optoacoustic technique (Oraevsky et al 1993 , Oraevsky et al 1997 , Spirou et al 2004 and diffuse reflectance measurements (Farrell et al 1992a , 1992b , Kienle and Patterson 1996 , Hyde et al 2001 , Diamond et al 2003 .
Optoacoustic measurements
In the optoacoustic technique, light is pulsed on the sample, which is positioned on the surface of an ultrawide-band transducer (PVDF transducer, WAT-21, Fairway Medical Technologies, Houston, TX, USA) (Oraevsky et al 1997) . The transducer element is a 50 µm thick PVDF film with a 1 cm 2 surface area. The experimental set-up is shown in figure 2 . The sample is coupled to the transducer via ultrasound gel and a wide beam diameter centred on the surface of the sample is used to uniformly irradiate the entire surface of the sample. Five BPC-PVCP samples were made with concentrations of 13.9 ± 0.7%, 3.8 ± 0.2%, 0.79 ± 0.03%, 0.42 ± 0.02% and 0.21 ± 0.01%. A pulsed laser (Nd:YAG Qswitched laser, Quantel) with a wavelength of 1064 nm, a pulse width of 14 ns, a 10 Hz repetition rate and a beam diameter of 3.0 ± 0.2 cm at the phantom surface was used. The laser pulse was used to trigger the oscilloscope. Figure 3 is a typical optoacoustic profile obtained with an ultrawide-band acoustic transducer using the experimental set-up as shown in figure 2. The profile displays the pressure detected by the transducer due to the generation of transient optoacoustic waves by the pulsed beam irradiating the sample. Looking at the positive intensity portion of the signal in figure 3 , the largest signal occurs near the top surface of the sample. As the light penetrates deeper in the PVCP sample, the light intensity decreases due to absorption, thus the signal Table 1 . The three sets of three phantoms each, made to obtain the variable scattering and absorption PVCP phantoms. a During the preparation of this phantom, it was reheated for an additional 90 min to obtain a more homogeneous solution. After this process, the suspension was homogeneous but a change in the optical appearance was observed.
exponentially decreases. The optoacoustic signal is generated nearly instantaneously within the illuminated depth of the sample due to the high speed of light. Due to the finite speed of sound in the material, the top surface optoacoustic signal reaches the transducer at a time later than the signals generated deeper within the sample, which are closer to the transducer. Furthermore, due to the large laser beam diameter relative to the detector surface area, the laser-induced acoustic waves, once generated, are approximately planar and travel along the laser beam axis in both directions, thus they travel towards the transducer and reflect at the phantom-air boundary (Oraevsky et al 1993 (Oraevsky et al , 1997 . The reflected wave is displayed in the oscilloscope trace as the negative part of the signal in figure 3. As expected, the reflected signal occurs at an even later time than the original wave, because the laser-induced acoustic waves have to travel from the generated location in the PVCP sample to the surface where they are reflected and back towards the transducer. The absorbed optical energy, due to the presence of BPC in the phantom, can directly be related to the acoustic signal detected by the transducer. The increasing exponential curve shown in figure 3 (labelled by the double sided arrow) can be expressed as (Oraevsky et al 1993) 
where I is the acoustic signal intensity as a function of distance z, I o is the peak acoustic signal intensity, and µ a is the optical absorption coefficient. The distance z is related to the time t of the detected signal via the speed of sound in the medium c o ; z = c o t, where z = 0 corresponds to the PVCP-air boundary in figure 3. Equation (2) is only valid for pure absorbers. The optical absorption of the BPC material in PVCP was calculated using the positive portion of the acoustic profile and fitting it to equation (2) using c o = c PVCP = 1400 m s −1 for the speed of sound in PVCP (see sections 2.5 and 3.2 for further details on c PVCP ) (Oraevsky et al 1993 (Oraevsky et al , 1997 . This allowed for the fabrication of targets of desired optical absorption. Table 1 lists the amounts of BPC (% volume) and TiO 2 powder (mg mL −1 of the total phantom volume) used to prepare the phantoms and determine the reduced scattering coefficient µ s . The heating time was 130 min (±10 min) for the total solution (300 mL). The time varied slightly in order to visually obtain homogeneity in each phantom by ensuring the TiO 2 powder was evenly distributed within the entire solution. In each of the sets, the TiO 2 concentration was kept constant and the absorption coefficient was varied as shown in table 1.
Diffuse reflectance measurements
The diffuse reflectance probe described by Diamond et al (2003) was used to measure scattered light remitted from the PVCP phantom, and a Monte Carlo (MC) simulation determined the reduced scattering coefficient by simulating the experimental results. The probe contained a 200 µm diameter source fibre and 100 µm diameter optical detection fibres, located at 1, 1.5, 2, 2.5, 3, 3.5, 4, 4.5, 5, 6, 7, 8, 9 and 10 mm away from the source location. Seven optical fibres were used to acquire the signal at 10 mm and three optical fibres at 8 and 9 mm each in order to increase the signal-to-noise ratio.
Monte Carlo simulations are used to describe photon propagation in turbid media and across boundaries (Welch and van Gemert 1995) . The diffuse reflectance probe measures the light reflected (diffuse reflectance) from the phantom surface when the sample is irradiated with a point light source. The remitted light is measured as a function of distance radially outward from the light source. A MC-based nonlinear regression method was used to extract the reduced scattering coefficient µ s . A single MC simulation model similar to that described by Kienle and Patterson (1996) was used. The MC simulation results were used to fit the experimental data and extract µ s (Diamond et al 2003) . The probe contained detectors at different distances from the source (1-10 mm range), as shown in figure 4 . A quartz-tungsten-halogen lamp (QHT, Oriel Instruments, Stratford, CT, USA) with a 1064 nm band-pass filter (Oriel Instruments, Stratford, CT, USA) was used (Diamond et al 2003) . The probe was placed directly onto the phantom surface. During each trial, the probe was translated to different positions on the phantom surface to ensure homogeneity, and the obtained values were averaged. The spatially resolved diffuse reflectance measurements were fitted to the MC model and the reduced scattering coefficient was determined.
Speed of sound in PVCP
The speed of sound was obtained using the pulse echo transmit receive method (Madsen et al 1999) . Two 1 MHz focused transducers (Aerotech Alpha, C19518) were aligned with their focal points coinciding and suspended in a water tank as shown in figure 5 . measured. Each sample was centred at the focus and the received signal was recorded. Then the sample was rotated 90
• such that the other length of the phantom was perpendicular to the transducers and the signal once again obtained. The experimental set-up described in figure 5 detects longitudinal waves. Since PVCP is a solid phantom, there may be a shear (transverse) wave component present. Due to our limited available equipment, the shear wave velocity was not measured. However, it is well known that the shear wave velocity is several fold lower than the speed of longitudinal sound.
Since the pulse has to travel different distances within the PVCP for the two sample orientations, the speed of sound can be calculated using the difference in time of arrival between the two orientations and the thickness of the two sides of the sample, according to
where c PVCP is the speed of sound in PVCP, D is the length and d is the width of the PVCP sample, t is the time difference between the received signals from the two orientations, and c water is the speed of sound in water.
Acoustic attenuation of PVCP
The acoustic attenuation of PVCP was obtained using the same experimental set-up as described in figure 5 . During this experiment, a 25 µs frequency burst signal was used to measure the decrease in the amplitude due to the two different thicknesses of PVCP placed at the focus of the transducers. To obtain the acoustic attenuation at different frequencies, the procedure was repeated by varying the frequency of the burst in the range of 0.61-1.25 MHz. The three samples shown in figure 1 were used to measure the acoustic attenuation α PVCP (dB cm −1 ) of PVCP. These samples were used to note if the presence of BPC or TiO 2 affects the acoustic attenuation. Since the same boundaries are encountered in both orientations of the sample, the transmission coefficients are divided out and the acoustic attenuation of the sample can be calculated using the following equation (Fish 1990) : dimensions in centimetre and α water is the acoustic attenuation of water. The constant 8.686 is the conversion factor from cm −1 to dB cm −1 . The acoustic attenuation of water is small relative to the attenuation of PVCP and did not affect the final result of α PVCP .
Acoustic parameters of PVCP
The phantoms shown in figure 1 were weighed and the volumes were determined by water displacement in order to calculate the density of PVCP.
With knowledge of the speed of sound and density of PVCP, the impedance Z, the elastic modulus K, and the compressibility κ were calculated according to (Fish 1990 ) Figure 6 displays the absorption coefficient (µ a ), determined using the optoacoustic method, as a function of BPC volume concentration. The BPC was characterized using the five samples described in section 2.3. Using a weighted fit for a straight line through the origin, the relationship between the concentration of BPC and the absorption coefficient can be expressed as (Taylor 1982 ) . Spatially resolved diffuse reflectance curves for the three sets of three phantoms each (nine phantoms total) with optical properties as described in table 1. For each phantom there were three to four trials conducted at different surface locations to obtain the average curve. The trials confirmed the homogeneity of the phantoms since the different diffuse reflectance curves were within experimental error of each other.
Results and discussion
Optical properties of PVCP
where A BPC is the BPC concentration in per cent. The error in the BPC volume is associated with the measurement of BPC in solution, and the error in µ a is obtained from the fit of the optoacoustic signal to equation (2). The error in A BPC is obtained from the weighted fit analysis (Taylor 1982) . Figure 7 displays the curves that were obtained by the diffuse reflectance probe for the nine phantoms in table 1. From these curves, it is observed that as the TiO 2 concentration decreases, from set 1 to set 3, the signal intensity decreases. Furthermore, within each set of TiO 2 concentration, as the absorption coefficient decreases, the signal amplitude throughout the entire distance from the source also decreases. In section 2, it was also noted that one of the phantoms was heated a second time to obtain a more homogeneous sample. The phantom was observed to have a different physical appearance than the rest of the phantoms and a different diffuse reflectance curve. One of the curves from set 2 is in the same range as the set 3 curves. Observing the trends from set 1 and set 3, this diffuse reflected curve of the reheated phantom from set 2 appears to have similar properties to the set 3 phantom, with a BPC concentration of 0.035% and a TiO 2 concentration of 0.3 mg mL −1 . This clearly indicates that reheating of a PVCP phantom may alter the optical properties of the phantom and should be avoided for self-consistent phantom preparation.
The reduced scattering coefficients, obtained from the MC fits of the diffuse reflectance curves, are shown in table 2. For each phantom there were three trials conducted. For phantoms 1a, 1b and 1c, a fourth trial was conducted afterwards to show repeatability. The averaged µ s values are displayed in table 2. The deviation from the mean µ s for each trial was used to obtain the standard deviation σ µ s for each phantom. In the fits, the absorption coefficients of the phantoms, calculated using equation (9), were input to the MC to fix the absorption coefficient and to obtain the corresponding reduced scattering coefficient.
The resulting reduced scattering coefficient values as a function of the TiO 2 concentration are shown in figure 8 . The experimental uncertainty in µ s for each phantom is expressed as the standard deviation σ µ s . In summary, the relationship between the absorption and reduced scattering coefficients and the concentrations of BPC and TiO 2 , respectively, in PVCP phantoms can be expressed as
where S TiO 2 is the concentration of TiO 2 powder in mg mL −1 and A BPC is the percentage concentration of BPC (by volume). A weighted fit for a straight line was used to calculate the errors in the slope and intercept of equation (11) (Taylor 1982) . Sources of experimental errors during the diffuse reflectance measurements are due to the coupling between probe and phantom, and any inhomogeneities in the TiO 2 distribution in the phantoms. The intercept in equation (11) may indicate that PVCP without any TiO 2 added has a reduced scattering coefficient of ∼1.3 cm −1 . Optoacoustically, this scattering is undetected in PVCP since there is no absorber present to generate any optoacoustic waves. Since high concentrations of BPC were used to create absorption in the PVCP phantoms, the inherent scattering of PVCP, if Table 3 . Physical properties of PVCP phantoms obtained using experimental set-up as described in figure 5. 
(1.40 ± 0.02) × 10 3 (1.40 ± 0.02) × 10 3 (1.40 ± 0.02) × 10 3 ρ (g cm −3 ) 0 . 9 8± 0.03 1.01 ± 0.04 1.01 ± 0.04 a Time delay was calculated by plotting the data and calculating the time difference between the leading peaks of the acoustic signal in the two orientations of the phantom. b Calculated using equation (3). Table 4 . Acoustic parameters of PVCP obtained using equations (6) (10)), which was extrapolated to obtain low µ a values in the turbid PVCP phantoms.
Acoustic properties of PVCP
The acoustic characteristics of the samples shown in figure 1 are listed in table 3. The three different phantoms were used to investigate if the addition of BPC and/or TiO 2 would affect the speed of sound or the density of PVCP phantoms. The average value of (1.40 ± 0.02) × 10 3 m s −1 obtained for the speed of sound is in agreement with an independent measurement by Spirou et al (2004) . It was also observed that the addition of BPC or TiO 2 powder to PVCP does not affect the speed of sound in the phantoms. Figure 9 displays the acoustic attenuation of PVCP obtained using equation (4) as a function of frequency. A weighted least-squares method was used to obtain the equation of best fit to the data and is expressed as
Some of the experimental errors include alignment of the transducers and samples. Ideally the transducers should be parallel and horizontal to each other to obtain maximum signal intensity and the sample surface should also be parallel to the transducer surface and centred at the focus of the transducers. Measuring the volume and mass of the three phantoms, the density of PVCP phantoms was calculated using equation (5) and averaged to be 1.00 ± 0.04 g cm −3 . The density of PVCP is equivalent to water within experimental error. Thus, a PVCP phantom floats below the water surface. Table 4 shows the impedance Z, the elastic modulus K and the compressibility κ, which were calculated using equations (6)-(8). The values obtained for the Z, K and κ parameters of PVCP are within 12% of those of water. Thus, there is minimal impedance mismatch between water and PVCP, and the optoacoustic waves generated within PVCP travel to the transducer via the water coupling with minimal acoustic losses at the PVCP-water boundary.
Conclusions
PVCP is a novel, non-toxic material that may be useful for optoacoustic imaging and other biomedical applications. Once synthesized, it is insoluble in water making it particularly attractive in an optoacoustic/ultrasonic/biomedical testing applications; it can also be reused indefinitely without any degradation in its properties. The optical properties, µ a and µ s , were measured using two independent optical methods, based on optoacoustic detection and spatially resolved diffuse reflectance measurements. The speed of sound in PVCP is within 15% of the speed of sound in soft human tissue and the density is equivalent to water, making it a suitable tissue equivalent phantom for acoustic medical applications. Further, the impedance Z, the elastic modulus K and the compressibility κ were determined. The acoustic attenuation of PVCP was also measured in the frequency range of 0.61-1.25 MHz. In conclusion, a new non-toxic, easy to prepare, reusable, water-insoluble, tissue-equivalent phantom has been described and characterized.
